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ABSTRACT 
Baichbal, Shashidhar. M.S.Egr., Department of Electrical Engineering, Wright State 
University, 2012. Mapping Algorithm for Autonomous Navigation of Lawn Mower 
Using SICK Laser 
 
The objective of this thesis is to present a mapping algorithm for autonomous navigation 
of a lawnmower based on the range and bearing information of a SICK laser. The 
Simultaneous Localization and Mapping (SLAM) algorithm is a tool that can be used to 
navigate unmanned vehicle in an unknown environment. The two-dimensional (2D) maps 
of the obstacles can be obtained if the laser scans the environment in a plane horizontal to 
the ground. However, the 2D map does not give information of the objects that are placed 
below the height of the laser. This makes it difficult for the lawn mower to navigate the 
field since one of the objects (flower bed) is placed below the height of the laser. The 
computational complexity of the SLAM also makes it difficult to implement the 
algorithm on a low cost lawn mower. 
This thesis presents a mapping algorithm to map the environment that contains objects at 
a height below the laser. The localization of the unmanned vehicle is obtained from GPS 
(Global Positioning System) and IMU (Inertial Measurement Unit). The algorithm is 
simple and easy to implement as compared to the SLAM algorithm and was validated on 
the lawn mower. The position and dimensions of the flowerbed obtained using this 
algorithm closely matched the actual position from a reference point and dimensions of 
the flowerbed. 
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1. INTRODUCTION 
1.1. Description of the Problem and Objective 
The autonomous navigation is a system used to navigate an unmanned vehicle to execute 
certain task in a known or unknown environment. The information of the environment in 
which the unmanned vehicle travels must be known for effective navigation. The 
environment’s information is provided to the vehicle’s system in the form of maps. The 
technique of mapping and simultaneously localizing is called SLAM (Simultaneous 
Localizing and Mapping). SLAM is a tool that maps the environment and localizes the 
vehicle in the map. The need of SLAM in the field of autonomous navigation is crucial. 
This is because the SLAM provides the feedback of the location of the mobile vehicle in 
the map. 
SLAM algorithm is basically a technical program which gets the readings from the 
sensors and creates a map and localizes the robot in it. The map built can be a two 
dimensional (2D) or three dimensional (3D) map. The 2D navigation is most commonly 
used for indoor navigation or small outdoor navigation. The sensors are either 2D or 3D 
sensors. 2D sensors are usually planar sensors i.e. the 2D sensor scans the environment in 
a plane. 
In this thesis the unmanned vehicle is a lawn mower and the sensors used are the SICK 
laser, GPS and IMU systems. The task of the lawn mower is to cut grass in the complex 
field consisting of stationary obstacles such as, fence and flower bed, as well as dynamic 
objects such as animals entering the field. It is required that the lawn mower do its task 
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autonomously. For the lawn mower to navigate the field autonomously without colliding 
with obstacles, it is imperative that the algorithm builds a map of the environment and 
send this information to the lawn mower. To build a map, a sensor is needed as an input 
to the SLAM. The sensor used in this thesis is SICK laser. 
1.1.1. Problem and Solution: 
The laser on WSU lawn mower is mounted at a height of 1 foot and scans in the 
horizontal plane. The data collected from laser contains sufficient information for the 
map if the obstacles are structurally taller than the height of the laser and are 
differentiable from the ground level. The problem occurs when there are certain objects 
on the ground that are relatively lower than the height of the sensor (i.e., the plane it 
scans) that cannot be scanned by the laser as shown in figure 1. To overcome this 
problem the laser must scan below the plane parallel to the ground. The problem can be 
solved by mounting the laser on a gimbal which allows varying the vertical angle of the 
laser instead of fixed horizontal position for the scanning purpose, or using another type 
of sensor which scans in vertical plane while rotating horizontal. However, these sensors 
are much more expensive for the task. This thesis presents an algorithm to detect and map 
the objects existing at a height below the laser and create a map of the area closer to the 
lawn mower. In this thesis, the localization is attained from the GPS (Global Positioning 
System) and IMU (Inertial Measurement Unit) systems. 
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Figure 1 : Lawn mower and the flower bed. 
The algorithm is a simple, cost effective and does not require high computational 
capabilities. It is based on the rotation and transformation of the coordinate planes. 
Approaches such as probabilistic SLAM, KALMAN Filters based SLAM etc can be used 
for autonomous navigation but they are computationally expensive. Different sensors and 
methods that can be used to solve the navigation problem of the lawn mower along with 
their advantages and disadvantages are discussed in chapter 2. 
1.2 .       Outline of Thesis: 
In this thesis, mapping is given more importance than the localization as the localization 
is obtained from the GPS and IMU systems to reduce the complexity of the algorithm.  
Hence, the topic focuses more on mapping the field. The algorithm is divided in to two 
sections; the 2D mapping and the 2D mapping using the 3D perception. 
Using the GPS and IMU systems the lawnmower is taught to travel in a predefined path 
on the field. The lawn mower stops at the scan points for the scanning purpose. The 
number of scan points depends on the complexity of the field. Increasing the number of 
scan points yield better information from the map. The disadvantage of having many scan 
points is the delay caused by the stops and the computations. The stops at each scan point 
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are timed depending on the number of scans at vertical angles. At a single scan point, the 
data is collected at each vertical angle increment. The vertical angle resolution is set by 
resolution of the actuator. 
The laser has a horizontal axis which passes behind the lens. Hence the actuator is set-up 
in such way that the laser is rotated vertically. Certain range is assigned to the laser 
gimbal depending upon the hardware of the lawnmower. The actuator on the lawn mower 
in this thesis has a minimum resolution of 1
0
. At each point the laser scans the plane and 
collects the data. This data is processed by the algorithm which contains the information 
and the orientation of the reference. Therefore, the orientation of the laser at all the scan 
points is also necessary for rotation. 
The orientation of the laser at every scan point is provided by the IMU system. The 
orientation of all the scan points is different from each other and data of each scan point 
is transformed with respect to a fixed reference coordinate system. The repeated scans at 
scan points allow replacing the old data with the new data, and hence updating the map 
each time it scans. 
The tool used for the collection of the laser data is SICK toolbox which helps in setting 
up the resolution angle for the horizontal scan and also helps in arranging the data of the 
laser in the vector form. The algorithm is coded in MATLAB, and the operating system 
used for the SICK toolbox is UNIX. This is because the mex files of SICK toolbox are 
supported by the MATLAB and UNIX. The techniques involved in solving the SLAM 
problem are different depending on the methods, and the sensors used. Chapter 2 
summarizes different techniques and sensors used in the SLAM literature. Chapter 3 
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describes the back ground involved in mathematical computations for the algorithm and 
also the mathematical calculations for the two experiments. The results obtained from the 
experiments are discussed in chapter 4 with all the plots. 
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2. LITERATURE REVIEW 
 This chapter presents the technical approaches and the sensors used in the field of SLAM 
(Simultaneous Localization and Mapping). Their advantages and disadvantages for the 
2D navigation of the lawn mower are also discussed. A lot of progress has been made 
since the time SLAM algorithm was proposed. Various organizations and independent 
researchers have taken serious steps for the betterment of the SLAM.  The SLAM is 
categorized based on the techniques and sensors used. The sensors used are lasers, sonars, 
camera, DMC (Digital Magnetic Compass). The Probabilistic SLAM, KALMAN filter-
based SLAM, Particle filter-based SLAM and Distributed Particle (DP) filter-based 
SLAM   are some of the techniques used in obtaining SLAM algorithm. Although there 
are many filters used in building an algorithm for SLAM, the two main filters used are 
the KALMAN filter and extended KALMAN filter; and the Particle filter. Many filters 
are the derivative of the above two filters. Hence, these two filters are discussed here. 
 2.1.       KALMAN Filter: 
KALMAN filter is used to estimate the state of stochastic linear equations. The signal is 
assumed to be a discrete signal and at each discrete step, the state which is assumed to be 
noisy is estimated. The noise is assumed to be Gaussian and is independent of other 
noises in the system. The process covariance and the measurement covariance are the two 
variance matrix used in the KALMAN filters. A brief description of the algorithms is 
given below. 
Assume that the state-space description of the system is given by 
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where w(k) and z(k) are the process and measurement noise, and the average value of 
w(k) and z(k) are zero. The process noise covariance and measurement noise covariance 
are given by                       
Rw = E {w(k) w(k)
 T
} and 
Rz = E {z(k) z(k)
 T
} 
The KALMAN filter is a recursive least square state estimator. The following steps are 
used to estimate the state   X (k) and the error covariance matrix Pk. 
         
        
         
   
 ̂    ̂ 
 
              ̂ 
 
  
       
              
      
      
      
where   
 
is the KALMAN gain,   
  is the a-prior error covariance matrix,    is the a-
posterior error covariance matrix and  ̂  is the estimate of the state. 
KALMAN filters are used to estimate the states of the linear system. Due to inherent 
trigonometric relations existing between the lateral and the rotational motions of the 
robot, the lawn mower system being tracked is non-linear. To solve this problem, the 
extended KALMAN filters (EKF) is used to obtain an estimate of the states of non-linear 
system. The EKF uses the first Taylor series expansion of the non-linear equation to 
obtain the estimate of the state of the system.  
2.1.1.  Application of KALMAN Filter: 
 KALMAN filter is applied to SLAM through identifiable landmarks whose positional 
vector is constant throughout the program. The state of the map and the robot pose are 
both tracked in the SLAM. The KALMAN filter SLAM consists of a map which is built 
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with the information of the landmark positions. Hence, the framework of the filter fits in 
the map more accurately. In state estimation, the landmark positions can be represented 
by the spatial coordinates which makes the landmarks to have the correlated Gaussian 
distributions over their positions which also are expressed in the co-variance matrix as 
stated earlier. Robot’s own pose is also combined in the state and since the robot is 
always in motion, the position keeps changing, and is the only portion of the state 
estimation to be affected by the state update step in the KALMAN filter. However, there 
are problems associated with the standard SLAM based on KALMAN filter 
1) Many distributions can fit the robot pose due to sensor ambiguity. This is more 
problematic when there is an ambiguity in identifying the exact position of the 
landmark and their description.  
2) The assumptions made about the Gaussian distribution are not accurate. 
3) As the number of landmarks increases, the calculation of the covariance gets more 
complex. This is due to the fact that computational time increases quadratically over 
the number of landmarks. Hence, the size of the map affects the computational time 
O(n
2
) 
4) The map in this method basically depends on the assumption of landmarks; the less 
predominant features are unobserved and ignored. This can be strongly argued that 
the landmarks are just an approximation of the environment and can be more 
distorted in the environment as landmarks are poor approximations.  
5) The inconvenience lies in separating the environment into a bunch of landmarks on 
the basis of a mathematical model. Finding mathematical model which is good 
enough to represent any obstacle that the robot encounters can be a problem. 
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6) Difficulty lies with the data association of the already notified landmark when there 
is chance that it could be new one. Hence, data association is always a problem; 
there is a possibility of delay in the process because of the noise generated by the 
sensors especially in the applications like underwater robot navigation. 
7) This filter does not allow incorporating the negative information in the state 
estimation i.e. the information of the missing landmarks that should have been 
observed at certain time and place does not affect the state estimation. 
  Due to these problems, the KALMAN filters are not suitable for the small area 
navigations. 
2.2.  Particle Filter: 
Particle Filter is a most suitable method to solve localization problem. This method works 
on a partially observable state for tracking a system and is a simulation-based filter. The 
robot calculates motion u and the observation o at every step in the process. The particle 
filter algorithm is explained as follows. 
Let S be a state from which m number of normalized set of states are sampled, as given in 
equation  S=s1 ,s2 ,. . . . . sm . The new states are processed through the Markov transition 
or simulation model which is given by P ( ̇ /   , u) (Keshavdas, 2009).                                                       
Using the Markovian observation Model P (o | s)    the new probability and the weights 
for the chosen states are calculated. The last step would be normalizing the above weights 
(Keshavdas, 2009). 
The Particle filter is an obvious choice for small localization problems of autonomous 
navigation. The observations, hidden states and the transition states are always noisy. The 
observations falls under the category of robots sensors readings, the hidden states are the 
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robot positions and the state transitions is the robot movement. The mathematical models 
of the motion of the robot handle the change of state over time and hence, odometry will 
always be inaccurate in all the navigations over land and in water.  
The two filters discussed above can solve the problem of lawn mower’s 2D navigation by 
setting up an iterative algorithm as explained. The iteration yields the localization 
solution and the iteration also tracks the robot movement so that the present robot 
position is calculated at all times and the future position of the robot can be predicted. 
The odometry from these types of filters gives the precise information of the 
environment. The maps are built on the basis of landmarks and can solve the problem for 
the lawn mower. However, these filters always employ the solution for both the mapping 
and localizing problem together. The algorithm cannot be formed for each one separately. 
In this thesis, the localization is achieved by the IMU and GPS systems which is simpler 
and can provide required accuracy so that the mapping can be solved separately. Hence, 
these two filters cannot be used for the navigation of lawn mower as they are 
computationally complex and inefficient. 
2.3.  Sensors used in the SLAM Algorithm: 
 There are no commercial 3D laser range finders available in SLAM literature. Certain 
hardware and circuitry arrangement are to be made to obtain the desired 3D laser set-up 
from the given 2D laser range finder. Two types of laser range finders that are discussed 
in (Oliver Wulf, April 2004) are used for 3D scanning. The first type is a fixed mount 2D 
laser scanner, used to build of the static model of the environment. For this type of 
sensor, the robot has to move for 3D scan. They require an accurate 2D localization to 
accumulate the 3D data and are heavier and expensive. Therefore, they cannot be used in 
the case of navigation of the lawn mower. The second type is most commonly used in the 
field of mobile navigation of robots. This set up has an extra servo drive to rotate 2D 
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scanner independent of the robot platform. Many patterns in scanning can be obtained 
with the combination of different orientation of turning axis. The robot has to be 
stationary during the scanning process. Disadvantage of this laser set-up is that it is not 
flexible for real-time calculations. This paper (Oliver Wulf, April 2004) discusses the 2D 
navigation with 2D data association, but also deals with 3D processed data and projecting 
them on a virtual plane. This avoids the complex 3D models and builds 2D map of 
environment with 3D sensor and the line-based SLAM algorithm. The virtual 2D scan 
acts as an interface between 3D and 2D world. Laser (SICK LMS) with vertical axis of 
rotation and scanning in the plane perpendicular to the ground multiple times with the use 
of external drive can be used for 3D mapping. This type of mapping can also be used for 
overhanging objects. The disadvantage of this set up for the lawn mower is that they are 
very large in size to fit the limited space of on the lawn mower (Christian Brenneke, 
2003). Figure 2 shows the arrangement of the SICK laser with different set ups 
depending on the requirements.  
The other sensors used in the field of SLAM are Digital Magnetic Compass (DMC) in 
combination with the ultrasonic sensors. In (Ho-Duck Kim, 2007) the combination of 
DMC and ultrasonic sensors are used to get a solution for an unmanned vehicle where 
there is no information of the environment is updated to the vehicle at the beginning of its 
navigation. While in the motion during navigation, DMC needs a standard reference. 
Azimuth is assumed to be the standard reference for DMC similar to case of navigation 
of a ship in the ocean. 
The DMC has an advantage over the general compass. Using general compass, it is hard 
to measure the fast moving azimuth due to its hard moving probe.  The initial position 
and the coordinate system of the initial position are needed to find the current position in 
the map. This could happen only if the map is known. What happens when the map is 
unknown? This problem is easily solved by the DMC compass by giving the directions 
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and setting them to the vectors of coordinate systems. The disadvantage of the DMC  is 
that  it is sensitive to the external interface like terrestrial magnetism and magnetic field 
created by mobile-robot and can be used on the flat surface in small indoor environment 
where the interface of terrestrial magnetism and magnetic field by some elements 
encountered can be negligible.   
                                  
(a)                                                                                  (b) 
Figure 2 : (a) Yawning scan (b) Yawning scan top (Oliver Wulf, April 2004) 
This chapter gives brief overview of the different filter approaches and the sensors 
(lasers) used in the field of SLAM. The different approaches discussed above can solve 
the problem but they are either expensive or computationally complex. Considering the 
limitations of resources, the lawn mowers needs a less complex and yet efficient 
algorithm to meet the goal of mapping the field. The approach in this thesis can overcome 
the problems discussed earlier. 
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3. MAPPING ALGORITHM 
This chapter explains the concepts of the laser coordinate systems, data collection, 
rotational and homogeneous transformational matrices, transformation of the data from 
laser to reference coordinate systems and mapping the transformed data. The mapping is 
explained in two different sections. Section 3.3 explains the 2D mapping and section 3.4 
explains the 2D mapping with 3D perception. 
3.1.   Rotational and Homogeneous Transformational Matrix 
Figure 3 illustrates a 3D coordinate system {A} with  ̂  , ̂  and  ̂  as unit vectors. A 
position vector     located in the coordinate system {A} can be written as following,  
 
Figure 3 : A 3D coordinate system {A}. 
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   [
  
  
  
] 
where    ,   ,    are the distances along each principle axes of coordinate system {A}. 
3.1.1. Rotational Matrix: 
 
Figure 4: Two coordinate systems {A} and {B} in 3D space. 
The rotation matrix   
  is defined between two coordinate systems {A} and {B}. The two 
coordinate systems {A} and {B} shown in the figure 4 have the same origin. Coordinate 
system {B} is the moving coordinate system and coordinate system {A} is the fixed 
coordinate system. If the rotation between the two coordinate systems is zero (i.e. the two 
coordinate systems are lined up), the rotational matrix   
  is a 3 X 3 identity matrix. 
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However, if the two coordinate systems are not lined up then the rotational matrix   
  is 
given by, 
  [
         
         
         
] 
  
where Rij represents the dot product between the unit vectors i and j. For example     is 
the dot product between the unit vectors  ̂  and  ̂ . 
                                          
Figure 5: Coordinate system {B} is rotated at an angle α with respect to    axis. 
If the moving coordinate system {B} is rotated an angle α about  ̂   as shown in the 
figure 5, the rotational matrix    ̂    
  is given by 
   ̂    
  [
          
         
   
] 
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3.1.2.  Homogeneous Transformation Matrix: 
Now if the moving coordinate system {B} is translated from the fixed coordinate system 
{A} by a distance given by the vector        as shown in figure 6 then the position of 
any  point in coordinate system {B} can be represented in coordinate system {A} as   
                                                    
            
                                            (3.1.1) 
where    ,   ,    are the distances along each principle axes of coordinate system {A}. 
       is the distance of the origin of coordinate system {B} from the origin of 
coordinate system {A} and is given by 
                                                                    T                                                                               
where equation (3.1.1) describes the general mapping of a vector from its description in 
coordinate system {B} to a description in a coordinate system {A}. Equation (3.1.1) can 
and written as a matrix product given by equation (3.1.2) 
                                                    
                                                                (3.1.2) 
 where    
  is the homogeneous transformation matrix and can be written as                                                             
                                     
 
(3.1.3) 
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Figure 6: Rotation and Translation between the coordinate systems {A} and {B}. 
The transformation matrix   
  is utilized to map the data of the laser coordinate 
system in the fixed coordinate system. 
3.2. Description of laser range finder 
3.2.1.  Laser:  
 The laser range finder used in this thesis is SICK LMS200 and is mounted on the 
front of the lawn mower. The laser range finder sends out laser pulses, measures the time 
each pulse takes to reflect back, and through hardware computations determines the 
distance to an object. Equation (3.2.1) gives the relationship that exists between the 
distance d to an object, time t, and the propagation velocity of light in the given medium 
c (Satbir dillon, 2010). 
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2
)( tc
d

                                                                              (3.2.1) 
By sweeping continuously, the laser scans through a range of 180 degrees every 
second in 0.5 degree increments (Satbir dillon, 2010). The distance is computed by the 
hardware in the SICK LMS200 and is outputted as a 1   361 vector data of distances 
corresponding to the angle between 0 to 180 degrees. The vector data represents a polar 
coordinate representation of the objects around the lawnmower (Satbir dillon, 2010). 
3.2.2.  Description of the laser coordinate system: 
The distance vector data obtained from the laser scan is represented in the polar 
coordinates. The laser data can be converted from polar coordinates to cartesian 
coordinates using equations (3.2.2) and (3.2.3) as 
                                                                                                             (3.2.2) 
                                                                                                              (3.2.3) 
The cartesian coordinates are arbitrarily defined as follows: the y-axis is always in the 
direction of the lawnmower’s motion, and the x-axis is set orthogonal to the y-axis 
(Satbir dillon, 2010), z-axis is set to complete the right hand coordinate system. Figure 7 
represents the laser coordinate system and its orientation. 
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(a)                                                                                                (b) 
Figure 7:  (a) Top view of the laser coordinate system (b) laser range finder with all three 
axes. 
3.2.3. Description of the laser scan points: 
The laser position at which the lawn mower does the scanning operation is a scan 
point. The scan points are pre-determined locations in the field in the path of the moving 
trajectory. The path of the laser cans also predefined using the help of GPS and IMU 
systems. Assuming that the scan point to be a moving coordinate system {B} and setting 
up the fixed coordinate system {A} as a reference point with the fixed orientation, the 
transformation can be applied to the data from the scan to map it in the reference 
coordinate system. The orientation of moving coordinate system is dependent on the 
direction of the movement of the lawn mower before it stops for scanning at scan point. 
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Figure 8: Description of the scan and reference points and their orientation. 
Figure 8 illustrates the coordinate systems of the scan point and the reference point. 
However, there are many scan points encountered while navigating in the field. Each 
scan point is considered to be a separate moving coordinate system and the data from that 
scan point is then transformed to the fixed coordinate system. 
3.2.4. Description of the laser scan: 
The laser scan sweeps 0
0
 to 180
0 
in the plane of the rotating laser range lens. The 
laser scans in horizontal plane when it is mounted vertically on the lawnmower. Figure 9 
illustrates the sweep of the laser scan horizontally. The laser scan resolution was set to 
0.5
0
 while experimenting, i.e., the laser outputs at every 0.5
0
 as it sweeps the field from 0
0
 
to 180
0
. 
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Figure 9: Laser scan sweeping 0
0
 to 180
0
 horizontally [18]. 
The horizontal sweep is limited to detecting the objects which falls within its sweeping 
plane. However, there are low profile objects like flower bed that are placed lower than 
the height of the laser on the z-axis of the laser coordinate system. To detect these 
objects, a gimbal system was added to rotate the laser vertically on its horizontal axis. 
3.2.5. Description of the laser gimbal: 
Since the laser cannot detect the objects which are placed lower than the height of the 
laser on z-axis, there is a need for a hardware modification so that the laser can scan 
below the laser height. The structure of the lawn mower would not allow mounting the 
laser lower than where it is mounted. However, the laser can be tilted in the vertical 
plane. This set up helps the laser scan the objects lower than the horizontal plane at the 
height of the laser. Hence, the laser can be rotated to a certain range vertically with help 
of linear actuator controlled gimbal. 
22 
 
 
Figure 10: Description of vertical rotation of the laser. 
 
Figure 10 illustrates the vertical rotation of the laser. The linear actuator gimbal can be 
programmed to rotate at a certain resolution. 
3.3. Experiment 1: A 2-D mapping: 
This section explains the mapping of the data collected from the laser at every scan point. 
The laser scans only once at each scan point in the plane horizontal to the field. This 
section also explains the process of transforming the data at each scan point to the 
reference point in the field. The distances are measured in millimeter and the angles are 
measured in degrees throughout the experiment. 
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Figure 11:  Indoor environment where the data was collected for experiment 1. 
3.3.1. Reference point and scan point: 
Figure 11 shows the experimental set up to collect the data for localization and mapping. 
The figure has four scan points and a reference point to map a desk in the middle of the 
corridor. All the four scan points are in front of each edge of the desk. The reference 
point {0} is one of the corners of a wall as shown in the figure 11. 
The reference point is fixed and its position and orientation and remain fixed throughout 
the experiment. The reference coordinate system {0} is assumed to be at the same height 
as that of the laser on the z-axis. Hence, the z-coordinate of the position vector PORG can 
be considered to be zero. The moving coordinate systems are formed using the position 
and orientation of the scan points. 
1st scan 
point 
Reference point {0} 
3rd ScanPoint 
2nd Scanpoint 
4th Scan point 
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Figure 12: coordinate system of a reference point of experiment 1. 
The orientation of z-axis of fixed and moving coordinate system are in the same direction 
which is orthogonal to  ̂ ̂-plane The four scan points are selected to reduce delay in 
mapping as each scan point takes at least 30 seconds to process and to reduce noise 
generated from the scan points. 
3.3.2. Transformation of first scan point data: 
The position and the orientation of the first scan point are shown in the figure 13.  The 
laser faces towards the desk and hence, the y-axis of coordinate system {1} is along the 
direction of the laser. 
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Figure 13: Position and orientation of coordinate systems {1} and {0}. 
The translation between the coordinate system {0} and the coordinate system {1} 
gives       . Since, the origins of both the coordinate systems are at the same height 
along the z-axis, the        vector is given as 
                                                        [
    
    
 
]                                                  (3.3.1)       
The coordinate system {1} is rotated an angle of 180
0
 about  ̂  and hence, the rotation 
matrix   
  is given by 
                  
                                [
                    
                   
   
]                                  (3.3.2) 
Therefore, the transformation matrix   
  can be written as  
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The data obtained from the scan point is in the form of 3   361 vector in the polar 
coordinates. This vector is converted into cartesian coordinates using equations (3.2.2) 
and (3.2.3) and is stored in a 3   361 matrix Data1, where each column of the matrix is a 
position vector of point at a particular angle of the laser sweep. This data is in coordinate 
system {1} and can be transformed to the reference coordinate system {0} and is stored 
in        as 
                                                      
                                                       (3.3.3) 
Since   
  is a 4   4 matrix, Data1 needs to be converted to 4   361 matrix. Unit vector of 
size 1   361 is added in 4th row of data. After the transformation the   4   361          
matrix contains a partial information of the map. First, second and third row of the 
Data1’ matrix corresponds to x, y and z-coordinates. Since the laser range finder scans 
only in the X-Y plane, the Z-coordinate is constant and hence         only contains 2D 
information of the map. The resulting plots of the scan point will be discussed in chapter 
3. 
3.3.3. Transformation of the second scan point data: 
The data collected at the second scan point is in a polar form of vector of 1   361. 
The vector is converted into cartesian coordinates system using the equations (3.2.2) and 
(3.2.3) and stored in a 3   361 matrix Data2 whose each column represents a distance 
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vector of a point at particular angle of the laser sweep.  Figure 14 shows the position and 
orientation of the second scan point. The distance vector         gives the translation 
between two coordinate systems {0} and {2}. 
 
Figure 14: Position and orientation of coordinate system {0} and {2}. 
It can be seen from the figure 14 the moving coordinate system {2} is rotated an angle of 
90
0
 about Z-axis. Hence, homogeneous transformation matrix    
  can be written as  
                       
The Data2 can be transformed from coordinates system {2} to reference coordinate 
system {0} using equation (3.3.4) as 
28 
 
                                                 
                                                         (3.3.4)       
Note that        is 4   361 matrix that contains the additional information of the map. 
3.3.4. Transformation of the third scan point data: 
The data collected from the third scan point is converted to cartesian coordinate system 
and stored in the 3   361matrix Data3 using equations (3.2.2) and (3.2.3). Figure 15 
shows the position and the orientation of the third scan point coordinate system. The 
translation between the two coordinate systems {0} and {3} is given by a distance vector 
       and the orientation of the third scan point with respect to the reference 
coordinate is given by    
  as 
 
Figure 15: Position and orientation of coordinate system {0} and {3}. 
                                           
                                             [
    
     
 
]                                                            (3.3.7) 
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  [
   
   
   
]                                                                 (3.3.8)   
Hence the homogeneous transformation matrix   
  is written as 
                                          
The transformation of       is transformed to        as 
                                                     
                                                      (3.3.9)     
3.3.5. Transformation of the fourth scan point data: 
Figure 16 shows the position and orientation of the fourth scan point. The data collected 
is in polar form and is stored in 1   361 vector. This data is converted into cartesian 
coordinate system using the equation (3.2.2) and (3.2.3) and stored in the matrix Data4 of 
dimensions 3   361. 
The distance vector        gives the position of the fourth scan point with 
respect to {0}. The scan point coordinate system {4} has a rotation about an angle of 
270
0
 with about  ̂-axis. Hence, the vector        and the rotational matrix   
  are given 
by 
                                                      [
     
   
 
]                                              (3.3.10) 
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  [
                    
                   
   
]                                    (3.3.11) 
 
 
Figure 16: position and orientation of the fourth scan point. 
 The homogeneous transformation matrix   
  is given by 
                                              
       is now transformed to        as 
                                                        
                                                      (3.3.9)     
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3.3.6. The 2D mapping algorithm: 
The mathematical calculations of transforming the data from all the scan points to a fixed 
reference point are explained flow chart as shown in figure 17. As discussed earlier, GPS 
and IMU systems gives the lawn mowers position and orientation at all scanning points. 
The mapping algorithm steps are explained below. 
1) The lawn mower is programmed to follow a predefined path and stop at scanning 
points. 
2) The data is collected at the scan point and the orientation is set up for that particular 
scan point. The distance vector PORG, the rotation matrix    
  and the transformation 
matrix   
  are calculated and saved. 
3) Data collected from the scan is converted into cartesian coordinate system and 
stored in Datai matrix. 
4) The transformation is applied to Datai using   
  and the transformed matrix is 
stored in      . 
5) The mapping is carried out using the transformed data       and the lawn mower 
moves to the next scan point and executes steps 1 - 3. 
In this experiment there was only one scan at every scan point that is at the plane 
horizontal to the field. The objects that are located at a height lower than the scanning 
plane are not detected by the laser. Hence, the laser has to scan lower to the horizontal 
plane to detect lower objects. Experiment 2 in section 3.4 explains the scanning of the 
lower level objects. 
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Figure 17: Algorithm flow chart for 2D mapping. 
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3.4. Experiment 2: 2-D mapping with 3D perception: 
 This section explains the procedure to map object that are below the laser height. 
This is done by scanning the area at multiple angles at single scan point by tilting the 
laser up or down using the laser gimbal. 
 
Figure 18: Indoor environment where the data was collected for experiment 2. 
3.4.1. Description of multiple scans at a scan point: 
The laser scans the flower bed multiple times instead of once because the laser scan is 
radial instead of linear. If the range finder was mounted at the same level of the flower 
bed or if the flower bed was placed along the direction of the tilted plane of the laser 
scan, then it would be sufficient for one scan to cover most of the flower bed. Since, both 
the conditions cannot be true in the case of existing lawn mower, the laser needs to scan 
Flower-Bed 
Reference point ‘R’ 
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multiple times at a scan point to cover most part of the flower bed. Each time the vertical 
angle of the laser is increased or decreased, the laser scan covers the flower bed partially. 
The vertical angle resolution can be set manually. Figure 19 (a) and (b) shows the tilted 
laser scans coverage of the flower bed each time it is incremented or decremented by the 
tilting angle of the laser. 
         
                            (a)        (b) 
Figure 19: Description of the laser scans covering the flower bed partially. 
3.4.2. Mathematical calculations for mapping: 
The mathematical calculations for the mapping involves the following steps 
(a) Conversion of the data to cartesian coordinate system and storing in matrix form. 
(b)  Transforming the data first to the moving coordinate system, and then to the 
reference coordinate system. 
(c) Mapping the transformed data on a virtual plane. 
A detailed explanation of the above steps is explained as follows 
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a. Conversion of the data into cartesian coordinate system: Converting each scan 
data of dimension 1   361 into cartesian coordinate system using equations 
(3.4.1) - (3.4.3) as 
                                                                                                       (3.4.1) 
                                                                                                       (3.4.2) 
                                                                                                        (3.4.3)  
where n=1, 2, - - - - 361,    is the angle of the n
th
 point of the scan and   is the vertical 
angle of the tilted laser. The angle   is zero for the 2D mapping in experiment 1. For the 
2D mapping with 3D perception, the number of scans at each scan point are fixed at 6 
and the vertical angle   is fixed at  50 i.e.,  =50, 100, 150 - - 300. Hence, distant vector 
from the 6 scans gives 6 matrices of 3   361 and are stored as Datai1, Datai2, - - - Datai6 
after the conversion to cartesian coordinate system. 
b. Transforming the data to the reference coordinate system.  The two rotations 
involved in the scanning are 
i. Rotation of the moving coordinate system or the scan point coordinate system 
with respect to the z-axis of the reference coordinate system {0}       
 . 
ii. Rotation of the moving coordinate system with respect to the x-axis of the 
moving coordinate system   
      . This rotation is induced by the tilting of 
the laser. 
Hence, the two transformations applied to scanned data are given by 
                         =      
     
                                        (3.4.4) 
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The transformation matrix      
  remains same for all the scans of i
th 
scan point. PORG is 
a non-zero vector.      
  can be written as                                                      
                             
However, the rotation part of the  transformation matrix   
       changes with change in 
angle β and the position vector PORG = [0, 0, 0]
T
 . Hence,   
       is written as 
                              
c. Mapping the transformed data. The transformed data         is a 4   361 
matrix similar to the data in experiment 1. Since, there are m scans at each scan 
point, there are m number of the transformed matrix         to be mapped. The 
data of all the transformed matrix         are virtually mapped on the virtual 
horizontal plane at the height of the laser. This is explained in the figure 20. 
                       
Figure 20: Mapping the data on a virtual horizontal plane. 
(3.4.5) 
(3.4.6) 
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Each element of          is multiplied cos (β) to obtain the data for the map. Figure 21 
shows the advantages of having multiple scans at a scan point instead of a single scan. 
 
                       (a)                                                                                             (b) 
Figure 21: Mapping of the flower bed on a virtual plane. 
Since the laser scans radially, it is not possible to obtain information about the flower bed 
in one scan. Hence, it is desirable to scan the flower bed at multiple scan points to obtain 
complete information of the scan point. Figure 21 (a) shows the projection of the flower 
bed on the virtual horizontal plane and figure 21 (b) shows the estimation of the map of 
the flower bed after plotting it on the virtual horizontal plane. The plots and maps 
obtained from experiments 1 and 2 are discussed in the chapter 4. 
3.4.3. The 2D mapping algorithm with 3D perception: 
The formation of the algorithm for mapping the data of all the scans at a scan point using 
the mathematical calculations is explained with the help of the flow chart in figure 22. 
The algorithm is explained below 
1. The lawn mower moves in search of a scan point with the help of GPS and IMU 
systems. 
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2. When the lawn mower is in the position of a scan point, it scans the data m times in 
an increment of β. A vector of 1   361 data points is collected and then transformed 
into cartesian coordinate system storing it in a 3   361  matrix Dataim. At this point 
the distance vector PORG which is obtained from GPS data gives the translation 
between the scan point and the reference point. With the help of orientation of the 
scan point coordinate system the transformation matrix   
 
  is formed.   
3. At each scan of the scan point, the rotation of the scan point coordinate system with 
respect to the x-axis is obtained. This is the transformation of i
th 
scan point when 
rotated at an angle β with respect to the x-axis of the i
th 
scan point coordinate 
system. 
4. Transformation is applied to the data matrix Dataim using   
 
  and   
 
     and 
stores the transformed matrix in         using the equation (3.4.4). 
5.         is then mapped on to a virtual horizontal plane by using the concept 
explained in section (3.4.2). 
6.  If the lawn mower repeats its navigation on the predefined path it updates the map 
for that particular scan point. Hence, the mapping gives the solution of detecting the 
low level objects which cannot be detected by a single scan.  
The results of the experiments 1 and 2 are in form of maps which are plotted using 
MATLAB are discussed in chapter 4.  
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Figure 22: Algorithm flowchart for 2D with 3D perception. 
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4. EXPERIMENTAL RESULTS AND DISCUSSIONS 
 In this chapter, the experimental results obtained from experiment 1 and 2 are 
discussed. The data obtained from these experiments is processed using the algorithm 
discussed in chapter 3. The results obtained from each scan point are individually plotted 
and the map of the objects is obtained. 
4.1. Results of Experiment 1 
Experiment 1 described in chapter 3 explains the transformations after the data is 
collected from the laser at each scan point. This experiment was conducted to explain the 
transformation of the data obtained from the scan point to the reference coordinate 
system {0}. The procedure of transformation is utilized in experiment 2 to scan the low 
level objects. 
 
Figure 23: Map of the data before and after transformation for the first scan point. 
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Figure 24: Map of the data before and after transformation for the second scan point. 
 
Figure 25: Map of the data before and after transformation for the third scan point. 
42 
 
 
Figure 26: Map of the data before and after transformation for the fourth scan point. 
The data obtained from the each scan point is rotated and shifted to map it to the 
reference coordinate {0} as shown in figures 23 - 26. The results of this experiment 
provide the information of the environment only at the height of the laser. Figure 27 
shows the complete map of the environment obtained from the information of the 
individual scan points. The map shows the environment with a table in the middle of the 
room along the walls of the corridor. 
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Figure 27: Map of the environment obtained from experiment 1. 
The algorithm also calculates the dimension of the table to 1043 mm   350 mm. This 
result matches very closely with the actual dimensions of the table 1050 mm   350 mm. 
The accuracy of the dimensions in algorithm depends upon the accuracy of the GPS and 
IMU systems. 
4.2. Results of experiment 2 
This experiment explains the scanning of the objects located below the height of the 
laser. This is done by tilting the laser down using a gimbal in an increment of angle β and 
the environment is scanned at each angle. This process is repeated multiple times at the 
same scanning point by increasing or decreasing the tilting angle. The algorithm 
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explained in chapter 3, was used to plot the data on a virtual horizontal plane and a 
portion of the flower bed is shown in figure 28.  
 
Figure 28: Plot on a 2D virtual plane from multiple scans at a scan point. 
The edge of the flower bed is smooth in the plot because the tilting angle β is small. 
However, if the titling angle is small, the number of scans at a scan point is increased to 
cover the maximum amount of the flower bed. 
Figure 29 illustrates the map of the environment containing all of the flower bed. The 
shape of the flower bed is rectangular, except one edge is concaved. The actual 
dimensions of a rectangular flower bed are approximately 2280 mm   1030 mm. 
However, the dimensions of the flower bed obtained from the map in figure 29 are 2265 
mm   1014 mm. This error is due to the inaccuracy in the measurements. The error can 
be eliminated with the use of accurate GPS and IMU systems. Since the map has 3D 
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information of the objects and it is mapped on a virtual 2D plane, this is known as 2D 
mapping with 3D perception. The results of experiment 2 will be used to trim the grass 
around the flower bed. 
 
Figure 29: Plot on a 2D virtual plane from multiple scans at a scan point. 
4.3. Advantages of the mapping algorithm 
The algorithm proposed in this thesis detects and maps the objects located below the 
mounting height of the laser. The advantages of this approach are 
1) The method is simple to use, has no complex mathematical calculations and can 
easily solves the mapping problem for the lawn mower. 
2) The algorithm is flexible as and can be extended to more complex environments. 
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3) The algorithm can be used for the 3D mapping with 3D sensors or by a combination 
of 2D sensors. 
4) Very little memory is needed to process the algorithm. This is one of the major 
problems in other SLAM algorithm.  
4.4. Limitations of the Mapping algorithm 
The limitations of this approach are  
1) The range for the SICK laser used for the thesis is only up to 8 meters which is well 
suited for the lawn mower. For the large environment navigation the range of the 
laser should be increased and the algorithm may not be accurate for long ranges 
lasers. 
2) The accuracy of the algorithm is limited. This algorithm can be accurate for 
applications such as lawn mower but is less accurate compared to the algorithms 
which uses probabilistic techniques like DP SLAM, Particle Filter, KALMAN 
Filter SLAM etc. 
3) The algorithm requires GPS or IMU systems for localization of the lawn mower.  
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5. SUMMARY AND CONCLUSION 
The objective of this thesis is to present a mapping algorithm for autonomous navigation 
of lawnmower. The two-dimensional (2D) maps are obtained from experiments in which 
the laser scans the environment in a plane horizontal to the ground. However, the 2D map 
does not give information of the objects that are placed below the height of the laser. This 
makes it difficult for the lawn mower to navigate the field since one of the objects (flower 
bed) is placed below the height of the laser. The SLAM algorithm can give an effective 
solution for the above stated problem of the lawn mower. But the computational 
complexity of the SLAM makes it difficult to implement the algorithm on a low cost 
lawn mower 
This thesis employed an empirical approach explained in two different experiments. The 
objective of the first experiment is to explain the homogeneous transformations and 
create a 2D mapping algorithm. In this experiment, the data is collected from the laser 
scanning in the horizontal plane at every scan point. It is then transformed to the 
reference coordinate system. The mathematical calculations for the transformation are 
explained with the flow chart in section 3.3. The 2D map obtained from this experiment 
has information of objects which are in the scanning plane of the laser. The map obtained 
from experiment 1 has a table in the middle of the room. The dimension of the table 
obtained using the algorithm is approximately 1043 mm   350 mm which closely 
matches the actual dimension of the table 1050 mm   350 mm. 
The 2D maps obtained from the algorithm contain no information about the object below 
the height of the laser. This is a serious problem since the lawn mower needs to avoid the 
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flower bed and trim around it. To solve this problem the 2D map is extended to contain 
3D perception. The laser scans at multiple angles at a single scan point by tilting the laser 
up or down using the laser gimbal. The data is collected from the multiple scans at a scan 
point and transformed to the reference coordinate system. The transformed data is then 
projected on the virtual horizontal plane to get a 2D map. This map has the information 
of the objects placed at the height below the laser. The data collected from the laser in 
this experiment has 3D information of the environment which is mapped on the virtual 
plane. The 2D map with 3D perception was used to detect and obtain the dimension of 
the flower bed. The dimension of the flower bed obtained using algorithm is 2265 mm   
1014 mm which closely matches the actual dimension of 2280 mm   1030 mm.  
In conclusion, this thesis presents a novel approach of mapping algorithm for the lawn 
mower to map the environment that contains objects at a height below the laser. The 
localization of the unmanned vehicle is obtained from GPS (Global Positioning System) 
and IMU (Inertial Measurement Unit). The algorithm is simple and easy to implement as 
compared to the SLAM algorithm and was validated on the lawn mower. The position 
and dimensions of the flowerbed obtained using this algorithm closely matched the actual 
position and dimensions of the flowerbed.  
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